C-and N-terminal sequences (64 amino acid residues each) of 89 non-classically secreted type I, type III and type IV proteins (Swiss-Prot/TrEMBL) from proteobacteria were transformed into predicted secondary structures. Multivariate analysis of variance (MANOVA) confirmed the significance of location (C-or N-termini) and secretion type as essential factors in respect of quantitative representations of structured (a-helices, b-strands) and unstructured (coils) elements. The profiles of secondary structures were transcripted using unequal property values for helices, strands and coils and corresponding numerical vectors (independent variables) were subjected to multiple discriminant analysis with the types of secreted proteins as the dependent variables. The set of strong predictor variables (21 property values located at the region of 2-49 residues from the C-termini) was capable to classify all three types of non-classically secreted proteins with an accuracy of 93.3% for originally and 89.9% for cross-validated (leave-one-out procedure) grouped cases. The average error rate (0.137 ± 0.015) of k-fold (k = 3; 4; 6; 8; 10; 89) cross validation affirmed an acceptable prediction accuracy of defined discriminant functions with regard to the types of non-classically secreted proteins. The proposed prediction tool could be used to specify the secretome proteins from genomic sequences as well as to assess the compatibility between secretion pathways and secretion substrates of proteobacteria.
Introduction
A wide spectrum of proteobacteria has evolved specialized secretion systems for extracellular release of particular proteins [1] [2] [3] [4] [5] [6] . In the vast majority of cases the targeting of proteins involve specific cleavable N-terminal signal sequences. However many bacterial proteins also have been found to be secreted nonclassically, i.e., without any participation of signal peptides [7] . A bulk of non-classically secreted proteins is constituted by the type I (ABC) and type III (TTSS, T3SS) secretion substrates supplemented with a group of leaderless secreted type IV (T4SS, T4b) proteins [5, 6] and the more recently discovered [8] type VI secretion system (T6SS). Evidence suggests that the type IV group also could include signal peptide -dependent proteins being subjected to the classical Sec-dependent stage of the overall type IV secretion process [1, 6] .
The feature-based SecretomeP program has been developed to predict non-classically secreted proteins [7] complementary to a number of internet -accessible tools to arrive at a reliable subcellular location prediction for eukaryotic and prokaryotic proteins [9] . Nevertheless, these methods do not specify any certain secretion type presumably involved in non-classical protein secretion. Recently we proposed definite amino acid (R, E, G, I, M, P, S, Y, V) frequencies [10] and the periodic patterns of aliphatic (A, L, I, V) and aromatic (H, F, W, Y) amino acids near the C-termini of sequences [11] and these variables were strong predictor variables to discriminate between annotated type I and type III proteins secreted form proteobacteria. On the other hand, several compositional and structural features at the N-and C-termini of the sequences have been proposed as possible determinants for secretion signals of nonclassically secreted proteins [1] [2] [3] 5, 6, 12] .
Nuclear Magnetic Resonance NMR and X-ray measurements [13, 14] as well as a site-directed mutagenesis of primary sequences [12, 15] indicate that the secretion signal of the type I and type III secreted proteins may be defined, at least partly, by secondary structure. Therefore characteristics of secondary structure at the terminal sequences of non-classically secreted proteins should be considered as potent predictor variables to discriminate between substrates of appropriate secretion types currently known in proteobacteria.
This study examines the predicted and the positional distribution of structured (a-helices, b-strands) and unstructured (coils) elements at the terminal sequences of secretion substrates in order to assess the capabilities of structural characteristics to discriminate between the non-classical type I, type III and type IV protein secretion from proteobacteria.
Experimental Procedures
Protein sequences [12, [16] [17] [18] [19] [20] [21] [22] [23] [24] secreted by the type I, type III or type IV pathway of proteobacteria were taken from the Swiss-Prot/TrEMBL database and are summarized in Table 1 . The secondary structures of C-and N-termini (64 residues for both) were predicted using the 3D-PSSM Web Server version 2.6.0 [25] and the program PHYRE [26] for protein fold recognition based on the 1D and 3D sequence profiles coupled with integrated structure information. The profiles for predicted secondary structures of terminal sequences were transcripted using unequal property values for each structural element (1, 2 and 3 for a-helices, b-strands and coils, respectively). The obtained numerical vectors representing the structural profiles of terminal sequences were assessed for their discriminatory value with regard to annotated type I, type III and type IV secreted proteins. The methods of multiple and Fisher's linear discriminant analysis [27] [28] [29] were applied using the software SPSS 11.0 for Windows (SPSS Inc., Ill., USA) and Statgraphics ® Plus (Manugistics Inc., Mar., USA) to find the appropriate combination of positional structural indices that gave the maximum ratio between the classes of annotated extracellular proteins. The procedures of forward and backward selection of variables to obtain a combination with a strong discriminatory power were employed throughout the study as described previously [11] . The measure of Press's Q statistics [28] was employed as a statistical test for the discrimination power of the classification matrix as described earlier [11] and above the critical values of Chi-square distribution (6.64 for p ≤ 0.01, 1 df) the estimates of classification accuracy were recognized to be significant.
Estimates of prediction accuracy were calculated for the models by means of k-fold (k = 3; 4; 6; 8; 10) cross-validation (KCV) [30] including the leave-one-out (LOOCV) procedure when as the extreme case of KCV where k was equal to the total numbers of proteins in the original data set (Table 1 ) [11] .
The frequency of amino acid occurrence and the relative representation for each predicted secondary structural element (a-helices, b-strands and coils) at the terminal ends of each protein were computed using ExPASy/ProtParam tool [16] . C-terminal sequences Distinctive attributes for predicted secondary structures at terminal sequences of non-classically secreted proteins from proteobacteria were randomized by means of ExPASy/RandSeq program keeping invariant the initial frequency of amino acid occurrence. Multivariate analysis of variance (MANOVA) was performed for the total representation of each structural element in respect of its locality (Cor N-termini) and the type of non-classical secretion.
Confidence levels for the main effects, interactions and differences between the means at factor gradations were evaluated by F-tests.
The consensus profiles of predicted [25] secondary structures for the each type of non-classically secreted proteins (Table 1) were obtained by the online tool "Shannon entropy-one" (http://hcv.lanl.gov/content/ sequence/ENTROPY/entropy.html) which estimates the Shannon's entropy at each position for combined data set of predicted secondary structure elements (H -helices, E -strands and C -coils) for particular type of secretion.
Results
The representation of predicted [25] a-helices, b-strands and coils at the termini of non-classically secreted proteins (Table 1) were dependent on the locality (C-or N-termini of sequences) as well as on the particular type of secretion ( Table 2 ). The main effects of both factors were found to be significant (p<0.01) for unstructured elements (coils) whereas, the relative representation of a-helices and b-strands strongly depended (p<0.01) on the type of protein secretion. However, the interactions between the independent variables were significant (p<0.01) by the variance analysis of each element (a-helices, b-strands, coils) thus confirming the importance of both factors in explaining the variability of structural estimates (Table 2) for terminal sequences of essentially different secretion substrates.
Consequently, the models were simplified by using multiple discriminant analysis to differentiate the groups of non-classically secreted proteins from proteobacteria. This was assessed by means of multiple discriminant analysis for the whole data set of secretion substrates ( Table 1) and was represented as the relative content of a-helices, b-strands and coils at both termini of the sequences. Classification results (data not shown) for the various combinations of predictor variables (i.e. the content of b-strands and coils at C-termini together with the content of coils at N-termini) demonstrated 66.3% accuracy of cross-validated (leave-one-out) grouped classes thus significantly exceeding the classification accuracy expected by chance for three groups of secretion substrates (Press's Q = 43.51; p<0.001). However, relatively poor resolutions (data not shown) were observed between the type IV and type III secretion substrates for all combination of employed variables. Additionally, the estimates of particular positions for predicted structural elements at the terminal ends of the secretion substrates pointed to more detailed structural information which could improve the classification and prediction success. Thus, the C-terminal consensus sequences (Figure 1 ) obtained for the subsets of type I, type III and type IV secreted proteins provide clear indications on the particular structural regions of potent discriminatory value.
The secondary structures for each terminal fragment were transcripted using unequal property values of elements as described in the experimental procedures Table 2 . The elements of predicted secondary structures at N-and C-terminal fragments (64 residues) of type I, type III and type IV secretion substrates. The data were processed by MANOVA and express the mean percentage ± SE for each element and factor gradation. and the obtained sets of numerical property vectors were further subjected to discriminant analysis. The type I, type III and type IV secreted proteins (Table 1) were coded as the groups 1, 2 and 3, respectively, and considered as the categorical dependent variables. In turn, the sets of numerical property vectors were presumed to be strong predictor variables that could discriminate between either all three of non-classically secreted proteins or their binary combinations. The clusters of most effective predictor variables, i.e. the sets of property values at definite positions of numerical vectors that represent the secondary structures at C-termini of sequences (Table 3) were elucidated by the procedures of stepwise forward and backward selection [11] . The results of discriminant analysis (Tables 3-4 and Supporting Information (SI) Table 1) displayed reliable parameters and highly significant scores for the discriminant functions and were based on the selected sets of secreted proteins with the classification accuracy of 93.3% for the originally grouped cases ( Table 4 ).
The use of PHYRE [26] to predict the elements of secondary structure resulted in comparable data of subsequent discriminant analysis (SI Tables 2-4 ). This program appeared to be more efficient for binary classification of type I and Type IV secretion substrates. However quality measures of the discriminant functions and overall prediction success (SI Tables 2 and 4) were poorer in comparison to the 3D-PSSM based predictions (Tables 3-4 ).
To assess the reliability and predictive accuracy of the proposed discriminant functions, the original data set was subjected to repeated k-fold crossvalidation (KCV) [11, 30] where the data were randomly divided into k subsets with one of the k-subsets serving as a test set and the remaining k-1 sets were combined to form a training set. The KCV error rates (Table 5 ) demonstrated the acceptable prediction accuracy for the discriminant functions divided by the means of both multiple and Fisher's linear discriminant analysis procedures (Table 3 ). However, the prediction accuracy noticeably increased with growing sizes of employed training sets (k = 8, k = 10) towards the level achieved by leave-one-out cross validation (LOOCV) ( Table 5) .
On the other hand, the use of the predicted secondary structures for 89 randomized C-terminal sequences as a hold-out data set to assess the performance of the proposed model resulted in a significantly higher CV average error rate (0.51 ± 0.03) in respect to the multiple and binary predictions ( Table 5 ) thus confirming the essential importance of positionally specified structural features to discriminate types of non-classical secreted bacterial proteins. Therefore, the sets of predictor variables selected from the numerical property vectors representing the predicted secondary structures at the C-termini of sequences can be considered as an appropriate tool to classify the type I, type III and type IV secreted proteins from proteobacteria as well as to predict new cases, i.e., to assign any "ungrouped" protein to the proper group. Quality measures   type I, III, IV  type I, III  type I, IV  type III, Table 3 . The predictor variables selected by backward stepwise procedure and quality measures for discriminant functions (2 functions for multiple 3 group discrimination).
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Parameters,
a -Independent variables: positions of elements in numerical vectors representing the secondary structure at C-termini of sequences b -Function 1 through function 2 c -Dependent variables: group 1 -type I proteins, group 2 -type III proteins, group 3 -type IV proteins
Distinctive attributes for predicted secondary structures at terminal sequences of non-classically secreted proteins from proteobacteria
Discussion
The resolution power of variables selected from the C-terminal profiles of numerical property vectors (Tables 3 and 4 ) considerably exceeded classification capabilities of simplified structural representations at terminal sequences (Table 2 ) thus confirming decisive advantages of positionally specified structural features (Figure 1 ) to differentiate types of non-classically secreted bacterial proteins. It should be noted that supplementary data sets containing analogical N-terminal vectors (alone or in combination with those at C-termini) did not provide any improvement (data not shown) in this respect. The type I and type IV secreted proteins are generally acknowledged to possess an uncleaved secretion signal at the C-termini of sequences [1, 2, 5, 6] . However, the correct size, location and structure of the signal remain obscure to a significant extent [1, 6] . From this standpoint the position-specific predictor variables ( Table 3 , Figure 1 ) might reflect the structural singularity at this region of type I and/or type IV secreted proteins to differentiate non-classical secretion substrates of proteobacteria. Versatile studies focused on the distinctions and/or similarities between secondary structures and location of residues at the termini of diverse proteins therefore could contribute into further specification of secretion signals even irrespective to the classification/predictive objectives proposed in this and a previous study [11] .
On the other hand, the definite amino acid frequencies of occurrence, i.e., the "global sequence properties" [9] were found to keep their classification/prediction capabilities [10] also over the extended original data set ( Table 1 ) containing type IV secreted proteins (data not shown). Thus, the extended set of predictor variables (20 common amino acids except W and Y /18 frequencies) instead of that previously proposed [10] for the resolution of type I and type III proteins (R, E, G, I, M, P, S, Y, V) exhibited a strong discrimination power with the average error rate 0.059±0.01 over the k-fold cross-validation (KCV) of multiple protein groups. However, the error rate for the each of k-folds did not differ significantly from that of KCV for the tool under study ( Table 5 ). In turn, the definite amino acid frequences of C-terminal fragments alone as the predictor variables substantially reduced the discrimination power in respect of non-classically secreted proteins. The error rates over the KCV were at the range of 0.46 ± 0.05 (k = 3) to 0.18 ± 0.04 (LOOCV), i.e., almost double as compared to structural information based predictions (Table 5) .
Alike previously proposed classifiers [10, 11] the predictor variables selected in this study ( Table 2) were able to classify the proteins possibly secreted by the type III machinery [4] from Bacillus subtilis. Thus, extracellular flagellin, two flagellar hook-associated proteins and recombinant interleukin-1 (FLA_BACSU, FLGK_BACSU, FLID_BACSU and O43645_HUMAN, respectively) as ungrouped new cases were assigned to the type III proteins, which correspond to the mentioned [4] suggestions.
The currently approved classification functions (Tables 3-5 ) therefore can be considered as either independent or complementary [11] tools to specify non-classically secreted proteins [7, 9] with an acceptable prediction success. The proposed tool could be used to specify the secretome proteins from genomic sequences [31, 32] as well as to assess the compatibility of secretion substrates, particularly of recombinant proteins, and secretion machinery of appropriate carrier strains [9, 33] . Observed distinctions between results of discriminant analysis using 3D-PSSM (Table 4 ) and PHYRE program (SI Table 4 ) as well as other tools (data not shown) most probably reflect the different approaches and accuracy for currently performed b-strands predictions by various engines [34] .
Alike other tools employed in the field [9] prediction methods for non-classically secreted proteins would be further developed and refined as the size and accuracy of the protein annotation databases increases, and as the knowledge of protein secretion mechanisms expands, with a special reference to the still restricted group of type IV proteins [5, 6] and, particularly, to scanty represented type VI secretion substrates [8] .
